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Buckybowl superatom states: a unique route for
electron transport?†
L. Zoppi,a L. Martin-Samosbc and K. K. Baldridge*a
A unique paradigm for intermolecular charge transport mediated by diﬀuse atomic-like orbital (SAMOs),
typically present in conjugated hollow shaped molecules, is investigated for C20H10 molecular fragments
by means of G0W0 theory. Inclusion of many body screening and polarization eﬀects is seen to be
important for accurate prediction of electronic properties involving these diﬀuse orbitals. Theoretical
predictions are made for the series of bowl-shaped fullerene fragments, C20H10, C30H10, C40H10, C50H10.
Interesting results are found for the LUMO–SAMO energy gap in C20H10, which is shown to be nearly an
order of magnitude lower that that determined for C60. Given the ability to support bowl fragments on
metal surfaces, these results suggest the concrete possibility for exploiting SAMO-mediated electron
transport in supramolecular conducting layers.
Introduction
Renewed interest in the use of p-conjugated molecules as
components in nanoscale electronics and optoelectronic
devices1 has motivated recent eﬀorts to construct single-
molecule junctions that optimize transport properties.1d,2 Aro-
matic conjugated fragments are appealing for use in device
technology due to their low density, structural stability, and
extended-delocalized p networks that support mobile charge
carriers.3 As conductor dimensions approach the nanoscale,
design principles focus towards producing molecules with
tunable functionality4 to enable control of charge transport at
the molecular scale.1c,d As such, the need has emerged for
improved understanding of the details involved in optimization
and control of electronic transport phenomena in these systems.
The extended family of curved aromatics based on the smallest
bowl-shaped fullerene fragment, corannulene, C20H10
3,5 (Fig. 1(a)),
are key targets of interest. Much eﬀort has been extended towards
the design of functionalized building blocks based on this frag-
ment, focusing on tailoring electronic properties such as electrical
and optical band gaps.6 Assembled in the solid state, these bowl
fragments provide an array of materials supported in varying
complex environments, which can be exploited as active molecular
layers in optoelectronic applications,7 aggregated as monolayers
on metallic surfaces for work-function engineering,8 or, as single
molecules in junctions for transport processes (Fig. 1).9
Importantly, materials based on curved or hollow aromatic
complexes enable exploitation of a unique mechanism of
intermolecular charge transport distinct from the conventional
mechanism involving tightly bound p molecular orbital overlap.
Key to these electron transport routes is evidence of a character-
istic set of diﬀuse molecular orbitals called Super Atomic Mole-
cular Orbitals, SAMOs,10 first investigated in the closed hollow
aromatic molecule, C60.
10,11 SAMOs are virtual orbitals that arise
Fig. 1 (a) C20H10 molecular structure showing the shallow bowl and
intrinsic dipole; (b) C20H10 molecules arranged on a Cu(111) surface;
(c) C20H10 molecule assembled into a molecular junction.
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from the central potential of the hollow molecular core, evoking
well-defined hydrogen-like s, p, and d orbital angular momentum
shapes. These orbitals extend well beyond the more tightly bound
p orbitals, and are also distinct from conventional Rydberg type
orbitals that see the core as a point charge.11b
The significance of SAMOs lies in the possibility for exploi-
tation of the nearly free conducting channels, which arise when
the molecular units are assembled in series in quantum
nanostructures or solids.11c Such channels have been observed
in low temperature scanning tunneling microscopy experi-
ments (LT-STM) in the case of C60 molecules assembled on
noble metal surfaces.10 Unfortunately, prospects for exploiting
the SAMOs in practical applications must be tempered by the
fact that typically these orbitals are unoccupied. In the case of
C60, the SAMOs lie several eV above the lowest unoccupied
molecular orbital, LUMO, and therefore are diﬃcult to exploit
for this purpose (Fig. 2).10
Taking a slightly diﬀerent view from typically studied spheroid
fullerenes, the present work details a theoretical investigation of
the electronic properties of SAMOs in a series of curved shaped
aromatic constructs, C20H10, C30H10, C40H10, C50H10, with focus
on their suitability for applications in molecular circuits (electron
transport). The intriguing electronic properties of the parent
system, C20H10, can be ascribed to its large intrinsic dipole
moment (2.01 D) and shallow bowl depth (0.87 Å),12 which
imparts dynamic properties characterized by a bowl-to-bowl
inversion barrier of 11.5 kcal mol1.12 The ability to control
curvature (and therefore reactivity and properties) through
functionalization of the rim,12 together with the possibility of
assembling these building blocks in layers on metallic sur-
faces,8,13 strongly motivates their creative use as materials for
supramolecular conducting layers.
Results and discussion
SAMOs: theoretical description
The physical origin of SAMOs is ascribed to many-body screen-
ing and polarization eﬀects, typical of a polarizable assembly
(e.g., graphene) that undergoes a topological distortion, such as
wrapping or rolling into a nanotube or fullerene.14 At a solid–
vacuum interface, these many body interactions give rise to a
series of degenerate image potential (IP) states in the near-
surface region on both sides of a graphene sheet, which float
above and below the molecular plane and undergo free motion
parallel to it.14 Topological distortion of the molecular sheet
breaks symmetry, lowering/raising the energy of the IP states on
the concave/convex side of the resulting material, revealing
SAMOs.11b
Theoretical investigation of SAMOs requires methods that
properly include polarization and correlation eﬀects, which are
crucial for describing image-potential states and are typically
poorly described with conventional density functional theory
(DFT) approaches15 due to the approximate nature of the
exchange and correlation (XC) potential.16 In order to capture
these eﬀects, the choice of the methodology falls to many body
perturbation theory (MBPT)17 electronic structure approaches
within the GW scheme.18 In this approximation,17,18 the self-
energy, S, is the product of a single-particle Green function,
G, and a nonlocal and dynamically screened Coulomb potential,
W, (S = iGW). Due to the high computational demands of fully self-
consistent GW (scGW), a range of perturbative GW schemes, from
non self-consistent to partially self-consistent have emerged.19 The
lowest rung in this hierarchy, standard in practical calculations, is
a non-self-consistent scheme, i.e. G0W0,
19,20 where the quasi
particle (QP) energies are obtained as a perturbative first-order
correction to the DFT eigenvalues. It is important to note that GW
theory is an approximation for GWG theory (former work of Hedin
and Lunquist).18 It is not straightforward that full scGW could
provide better QP energies than any perturbative GW scheme.
The use and appropriateness of the GWmethod for prediction
of image potential states has raised some skepticism in the QM
community. However, as well documented in the literature, we
also strongly believe that the GW methodology is suitable to
describe many-body screening and long-range polarization eﬀects
crucial for treating image-potential states.21 A further criticism
can derive from the use of DFT wavefunctions for the purpose of
SAMO description. However, diﬀerences between the Kohn and
Sham and real QP wavefunction come from the incorrect long-
range behavior of approximate exchange potentials in conven-
tional DFT schemes, which scarcely eﬀects the GW-corrected QP
energies.22 In this respect, it is worth noting that the first
theoretical investigation of SAMOs, successfully compared to
experiments, was performed within a DFT based scheme.10
Unfortunately, the non-self-consistency in G0W0 can give rise
to a dependence of the resulting QP spectra from the starting
DFT functional, as recently documented in investigations of QP
valence spectra of molecules.19,23 Recent eﬀorts are being direc-
ted at the performance of G0W0 schemes across specific bench-
mark sets of molecules used in organic electronic devices.19,23a
Although still controversial, emerging from these investigations
is the strategy of including a fraction of exact-exchange (EXX) in
hybrid-functionals to mitigate the self-interaction error (SIE),
thereby providing an improved starting point for G0W0 calcula-
tion.19,23c For example, a recent investigation involving azaben-
zenes showed good agreement with photoemission experiments
with this strategy.19,23c Such studies are still in their infancy,
however, with available data primarily involving QP valence
spectra, whereas predictions involving the virtual unoccupied
space still motivates further investigation.
A second controversial point concerning appropriate meth-
odology for investigation of SAMOs derives from the fact that
Fig. 2 DFT-LDA calculated SAMOs, illustrating the typical hydrogen-like
s, p, and d symmetric shapes in C60.
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some QM-based methods (e.g., equation of motion (EOM)
methodology24) include higher order correlation than G0W0.
However, such approaches are based on series expansions in
terms of the bare Coulomb potential and therefore require
higher order in the diagrammatic expansion to be able to
capture the correlation eﬀects. The GW methodology, on the
other hand, is based on a series expansion in terms of a screened
Coulomb potential, with the polarizability calculated within RPA
and the screening through the inversion of a Dyson equation,
which by definition, includes an infinite number of diagrams.18a
As such, results coming from QMmethods are quite sensitive to
the order in the diagrammatic expansion, whereas such sensi-
tivity does not appear in the GW approach. Moreover, the GW
method is highly predictive with less computational eﬀort even
for systems with high dielectric constants.
In the present work, a customized hybrid methodology is
exploited, using standard B97D/Def2-TZVPP25 (GAMESS)26 DFT
for full optimization and Hessian characterization of structures,
followed by plane-wave DFT formalism (Quantum-ESPRESSO)27
within MBPT17 in the GW approximation18 (SAX).28 This method
is applied to a series of C20H10 based systems to investigate and
compare SAMOs and SAMO electronic properties. In addition,
the performance dependence of the G0W0 scheme on the starting
functional for the GW calculation is compared using both a
DFT-PZ functional29 (G0W0@LDA) as well as a hybrid PBE0
functional30 (G0W0@PBE0) that includes 25% exact exchange
(EXX) (for additional details see ESI†).
SAMOs in C20H10
Calculated SAMOs of corannulene are depicted in Fig. 3. As has
been shown for the closed shaped hollow C60 structure, corannulene
also manifests the characteristic diﬀuse molecule-centered
hydrogenic-like s, p, and d shapes. To be relevant for charge
transport, the SAMO derived states should cross the Fermi level
in any resulting material. To facilitate this characteristic, the
lowest energy SAMO of the isolated molecule should lie close to
the LUMO. Thus, the ability to control the LUMO and SAMOs
gap of lowest energy in a molecular system becomes quite
important.
G0W0 as well as DFT predictions of DESAMO–LUMO for C20H10
are summarized in Table 1. As in C60, SAMOs are revealed in the
unoccupied part of the spectrum in a simple DFT calculation
(LDA or PBE0). Inclusion of many-body effects at the G0W0 level
provides a more accurate positioning of SAMO levels with
respect to conventional DFT predictions, but still is dependent
on the starting functional. Initialization of the GW calculation
from a standard DFT-PZ functional (G0W0@LDA) results in
SAMO level of s-type symmetry that corresponds to the 1st
unoccupied level after the LUMO. On the other hand, initializa-
tion of the GW calculation from a hybrid PBE0 functional that
includes a percentage of exact exchange, (G0W0@PBE0), pre-
dicts all SAMO orbitals to be lower in energy than the LUMO.
The origin of the starting point dependence in G0W0 can be
traced back to differences in the orbitals and orbital energies
used as input for the self-energy calculation. In particular, the
Coulomb potential, W, being roughly inversely proportional to
the occupied - unoccupied transition energies, is extremely
sensitive to any over-(under-)estimation of the HOMO–LUMO
gap, which generally results in an under-(over-)estimation of
screening.
Notably, the DESAMO–LUMO energy gap for SAMO orbital of
s-type symmetry in C20H10 is predicted to beB0.3 eV, nearly an
order of magnitude smaller than in C60 (calc. 2.4 eV).
11c This
proximity of the LUMO with respect to the delocalized SAMOs
in C20H10, suggests possibilities for exploiting SAMO-mediated
electron transport in a material using these bowl fragments as
functional units.
Unfortunately, there are as of yet no reported experimental
data concerning the electronic properties of SAMOs for the case
of C20H10. However, one can make relevant comparisons of
HOMO–LUMO gap given available ionization potential (IP) and
electron affinity (EA) measurements that have been made
experimentally.31 Depending on the experimental technique
used, variations in HOMO–LUMO gap (IP-EA) range from
7.6 to 8.0 eV.31 The corresponding calculated values for the
HOMO–(molecular)LUMO gap, considering the different DFT
starting points, range from 7.3 eV (G0W0@LDA) to 8.1 eV
(G0W0@PBE0). This provides a meaningful comparison with
experiment, and establishes the level of accuracy of the
described customized hybrid methodology.
Doping eﬀects on SAMOs levels
The optimal size and shape of the small aromatic fragment,
C20H10, provides characteristic features complementary, but
unique, to that of the fullerenes or graphene structures. In
particular, the LUMO–SAMO gap shows an important decrease
with respect to C60 (0.3 eV vs. 2.4 eV in C60).
11c
Consideration of SAMOs for electron transport does not
necessarily require one to focus on ‘ad hoc’ charged systems,
as are sometimes considered.32 We instead propose a strategy
for doping C20H10 in order to occupy the molecular LUMOs, for
the purpose of enhancing the SAMO occupation. In fact, a
Fig. 3 DFT-LDA 3D representation of SAMOs illustrating the typical s, p,
and d-like symmetric shapes in corannulene, C20H10.
Table 1 Comparison of DESAMO–LUMO predictions for C20H10 at different
levels of theory, in eV
SAMO
DESAMO–LUMO (eV)
DFT(LDA) DFT(PBE0) G0W0@LDA G0W0@PBE0
s 2.3 1.8 0.3 0.7
p 2.5 2.0 0.4 0.6
d 2.8 2.3 0.5 0.3
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further reduction of the LUMO–SAMO gap can be achieved via a
modification of the central hollow potential of the molecular
cage, which ultimately defines the SAMO wavefunctions.11a In
this respect, internal (endohedral) doping with electron donat-
ing metal atoms has been suggested as a means to substantially
reduce the LUMO–SAMO gap when the ionization potential of
the endohedral atom is sufficiently large, as recently shown for
C60.
11a Interestingly, external (exohedral) doping is quite ineffec-
tive in reducing the SAMO energy, because the molecular cavity
actually acts as a Faraday cage, effectively screening the states
that are confined by the cage from the presence of any external
charge.11a
C20H10 has been previously shown to have strong electron-
acceptor character and forms stable complexes with alkaline
metals, accommodating up to four electrons in the doubly
degenerate LUMOs.13b Photoelectron spectra together with
computations have shown C20H10 complexes doped with Cs
and deposited on a Cu(111) surface to have full occupation of
the original C20H10 degenerate LUMOs.
13b Since cage-doping
with metals having large ionization potentials (e.g., Li, Na) are
suggested as the most eﬀective for tuning the SAMO–LUMO
energy gap,11a it is of interest to investigate the corresponding
effects in C20H10 complexes with these particular metal atoms.
Three Li-doped C20H10 complexes are considered in this
work, diﬀering in the way the Li atoms are complexed to the
molecular cage: (1) two Li atoms complexed to the convex side
and two on the concave side; (2) all 4 Li atoms complexed to the
convex side (exohedral); and (3) all 4 Li atoms complexed to the
concave side (endohedral). The B97D//Def2-TZVPP fully opti-
mized gas phase structures are shown in Fig. 4.
First, it is of interest to compare the basic molecular orbital
structure of the un-doped C20H10 with that of the 4 Li-doped
complexes. Due to the decrease in symmetry, the two degen-
erate LUMOs in the un-doped molecule are no longer degen-
erate in all Li-doped complex. In the doped Li-complexes, these
orbitals are now occupied (Li-doped C20H10, 2 Li convex, 2 Li
concave and C20H10, 4 Li concave) as HOMO  1 and HOMO, or
frontier molecular orbitals (Li-doped C20H10, 4 Li convex). Fig. 5
illustrates the two degenerate LUMOs in the parent molecule
compared to the now-occupied orbitals in the 3 Li-doped
complexes.
The occupation of the pristine molecular LUMOs in the Li
complexes has a dramatic eﬀect in closing the HOMO–LUMO
gap with respect to that of the un-doped corannulene. The ‘new
HOMOs’ in the hybrid systems are higher in energy, and,
considering the GW@LDA HOMO–LUMO gap of C20H10 (7.3 eV)
versus the corresponding value of the Li-doped structures (Table 2),
one sees a decrease on the order of a factor of 2.
A second point of interest is to address the eﬀect of Li
doping on the SAMO–LUMO energy gap. In particular, it is of
interest to investigate the Li-doped C20H10, 4 Li concave struc-
ture, which due to the endohedral doping should be the most
effective for tuning purposes in this respect. Moreover, the
atomic arrangement of the Li atoms on the concave side of the
molecular cage is symmetric and, as such, less perturbing to
the SAMOs of p and d symmetry, which extend outside the
central molecular core and are easily recognizable.
The calculated DESAMO–LUMO data is reported in Table 3.
According to these results, the Li doping is seen not to decrease
the SAMO–LUMO gap compared to the parent molecule at the
G0W0 level, independent of starting functional. In fact, consider-
ing the G0W0@LDA (G0W0@PBE0) SAMOs–LUMO gap of C20H10
(Table 1) versus the corresponding values of the Li-doped struc-
tures (Table 3), one sees that C20H10 DESAMO–LUMO values are
lower than those of the Li-doped complex by 0.5 eV (0.8 eV) for p
symmetry SAMOs and by 0.7 eV (0.9 eV) for d symmetry SAMOs.
The above analysis shows again the strong electron-acceptor
character of C20H10, which accommodates 4 electrons in the
double-degenerate LUMOs when complexed with Li. Other than
Fig. 4 (a) Un-doped C20H10, (b) Li-doped C20H10, 2 Li convex side, 2 Li
concave side, (c) Li-doped C20H10 4 Li concave side, (d) Li-doped C20H10 4
Li convex side.
Fig. 5 (a) and (b) degenerate LUMOs in C20H10, (c) and (d) HOMO and
HOMO  1 in Li-doped C20H10, 2 Li convex side and 2 Li on concave side,
(e) and (f) HOMO and HOMO  1 in Li-doped C20H10 4 Li on concave side,
(e) and (f) HOMO and HOMO  1 in Li-doped C20H10 4 Li on convex side.
Table 2 HOMO–LUMOgap predictions for the Li-doped C20H10 complexes
at different level of theory
Structure
HOMO–LUMO GAP (eV)
DFT-LDA PBE0 G0W0@LDA
C20H10-4Li-convex 0.2 1.2 3.7
C20H10-4Li-concave 0.4 1.5 3.4
C20H10-4Li-2sides 0.4 1.3 3.0
Paper PCCP
O
pe
n 
A
cc
es
s A
rti
cl
e.
 P
ub
lis
he
d 
on
 0
3 
Fe
br
ua
ry
 2
01
5.
 D
ow
nl
oa
de
d 
on
 2
3/
03
/2
01
6 
18
:2
5:
47
. 
 
Th
is 
ar
tic
le
 is
 li
ce
ns
ed
 u
nd
er
 a
 C
re
at
iv
e 
Co
m
m
on
s A
ttr
ib
ut
io
n 
3.
0 
U
np
or
te
d 
Li
ce
nc
e.
View Article Online
6118 | Phys. Chem. Chem. Phys., 2015, 17, 6114--6121 This journal is© the Owner Societies 2015
the dramatic decrease in HOMO–LUMO gap and loss of the p, d
quasi degeneracy, doping with Li does not significantly affect
the LUMO–SAMOs gap.
SAMOs in fullerene fragments
Consideration of electronic and transport properties across the
full series of molecules of increased curvature, C20H10–C50H10,
becomes of interest based on the results for the smallest of the
series, C20H10, shown above. The presence of strong intrinsic
molecular dipoles manifested by the curvature in these mole-
cular fragments, together with the increasingly large polariz-
able surface of p electron density, are fundamental to
unlocking and exploiting such systems for material devices.9
The increasing bowl depth and change in curvature across the
series shows systematic trends in structure and property
towards a tube structure (Fig. 6).9 It is of interest, therefore,
to see if the same trends can be observed in SAMOs related
electronic properties.
As shown in previous work for shallow molecular bowls,9
dipoles induced across the relatively large surface area of the
cap (pentagon) region may become comparable or larger than
the intrinsic molecular dipole (perpendicular to the cap). On
the other hand, for deeper bowls such an eﬀect is not so
apparent, reflecting the increased conjugated area of the belt
region while approaching what one might find in a tube-like
structure. To fully understand how the structural and electronic
transition between the bowl-like structure (C20H10) to the tube-
like (C50H10) structure can possibly aﬀect the SAMO electronic
properties, G0W0 calculations have been undertaken for investi-
gating SAMOs across the series C30H10–C50H10. The G0W0@LDA
predicted SAMOs–LUMO gap energy values for the series are
summarized in Table 4 and Fig. 7. The corresponding orbital
depictions are illustrated in Fig. 8.
Comparison of the SAMO–LUMO energy gaps shows a sharp
increase from C20H10 to C30H10, followed by a more modest
increase to C40H10, and then a significant drop for the more
tube-like structure, C50H10 (e.g., Fig. 7). For the lowest energy
s-type SAMO, the gap relative to C20H10 (0.3 eV) increases by
1.0 eV for C30H10, by 1.7 eV for C40H10, and then levels off to an
increase of 1.3 eV for C50H10. Importantly, in the case of the
smallest bowl, C20H10, this energy gap is still one order of
magnitude lower than the next higher analogue, C30H10.
SAMOs of p and d-type symmetry are significantly higher in
energy than the LUMO (from 1.7 eV up to 2.6 eV), and do not
show promise for enhancing the occupation of the delocalized
orbitals.
Finally, one can observe where C60 fits in the series in
terms of ‘curvature’ and resulting DESAMO–LUMO with respect to
the series, as shown in Fig. 9. One finds that the value of
DESAMO–LUMO at 2.4 eV is still on the dramatic increase in
trend of the bowl structures shown in Fig. 7, before the falloff
towards the tube construct of C50H10. The local curvature of
C60 also places it between C40H10 and C50H10, but closer to the
latter.
Table 3 DESAMO–LUMO predictions for the Li-doped C20H10 4 Li concave
complex at different levels of theory
SAMO
DESAMO–LUMO (eV)
DFT(LDA) DFT(PBE0) G0W0@LDA G0W0@PBE0
p 2.5 2.1 0.9 0.2
d 2.7 2.0 1.2 0.6
Fig. 6 Curved aromatic bowl constructs of increasing size and depth,
based on the smallest corannulene unit (left most).
Table 4 DESAMO–LUMO predictions for C20H10, C30H10, C40H10, C50H10 at
the G0W0@LDA level of theory, in eV
System SAMO type DESAMO–LUMO
C20H10 s 0.3
p 0.4
d 0.5
C30H10 s 1.3
p 1.9
d 1.7
C40H10 s 2.0
p 2.2
d 2.6
C50H10 s 1.6
p 2.1
d 2.5
Fig. 7 Trends in G0W0@LDA predicted DESAMO–LUMO across the series of
aromatic bowl constructs of increasing size and depth, C20H10, C30H10,
C40H10, C50H10, in eV.
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Conclusions
SAMO-type orbitals, shown to exist in conjugated hollow-
shaped molecule, oﬀer an important opportunity to exploit
new mechanisms for intermolecular electron transport. Taking
a slightly diﬀerent view from the typically studied C60, the
present investigation reports theoretical evidence of the elec-
tronic properties of SAMOs in a series of bowl shape aromatic
constructs, C20H10–C50H10, with focus on the suitability of such
orbitals in electron transport applications. SAMO electronic
properties are revealed using accurate many body screening
and polarization effects at the G0W0 level, with consideration of
the dependence of calculated results on the DFT starting
functional.
G0W0 predictions of SAMO levels in C20H10 reveal a LUMO–
SAMO energy gap nearly an order of magnitude lower that that
found in C60.
11c This finding is extremely important in supporting
design of C20H10-based materials to enhance occupation of these
diffuse orbitals in experimental investigations. Contrary to litera-
ture proposals for C60,
33 Li doping in C20H10 does not reduce the
LUMO–SAMO gap over that of the un-doped corannulene. How-
ever, the promising results for un-doped corannulene, as well as
other prospects for doping in these constructs, warrants further
investigation towards this direction.
Further analysis of SAMOs in higher order analogues of
C20H10, revealed a sharply increasing trend in DESAMO–LUMO
energy gap up to C40H10, followed by a levelling off when
the bowl structure reaches the morphology of tube structure
(e.g., C50H10). Results of the present work have motivated
experimental efforts to look into SAMO structure of C20H10.
However, investigation of C20H10 assembled on metallic surface
with established LT-STM methods is nontrivial, and consider-
able efforts are still necessary to determine the appropriate
surface type and associated experimental protocols to achieve
the necessary resolution.
Studies such as the present investigation provide an impor-
tant opportunity to establish strengths and limitations of
customized and enhanced hybrid methodologies for accurate
predictions of materials phenomenon. Given the scant litera-
ture on performance of theoretical strategies for prediction of
transport phenomenon, it is desirable to continue eﬀorts in
this direction, as established theoretical approaches hold an
important role in the improved understanding of fundamental
mechanisms.
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